In the critical care unit and operating theatre, adequate fluid resuscitation is often considered the first step to optimize cardiac output and tissue oxygen delivery before advancing to vasoactive, inotropic, or both therapies. Yet, deciding a fluid challenge based on the traditionally measured cardiac filling pressures is problematic, as they are often misleading, despite their invasive nature. 1 2 Fluid challenge should not be performed empirically, considering that only half of critically ill patients are fluid responsive. 3 As fluid excess can worsen outcome, 4 5 proper assessment of the patient's status on the Frank-Starling curve should be a prerequisite before giving fluid. Over the last decade, dynamic indices measuring respirophasic variations in stroke volume have emerged as useful guides for fluid challenge in mechanically ventilated patients.
These variations can be assessed using the echocardiography or pulse contour analysis devices, and are quantified as aortic peak velocity variation, stroke volume variation (SVV), or pulse pressure variation (PPV). 6 7 These dynamic indices are currently considered as the most accurate predictors of fluid responsiveness, 6 but the measurement of these indices requires sophisticated devices with either specific skills or invasive catheterization. Recently, the feasibility of measuring respirophasic variations in brachial artery peak flow velocity by hand-carried ultrasound device has been addressed, with promising results showing close correlation with PPV. 8 In the same context, the carotid arteries away from the peripheries has been demonstrated in shock status. 9 10 This would be of particular importance in haemodynamically unstable patients, as the most commonly accessed radial artery could yield erroneous information regarding systemic vascular resistance and respirophasic variations in stroke volume as well. 11 12 This study aimed to validate the usefulness of respirophasic variation in carotid artery blood flow peak velocity (DVpeak-CA) measured by Doppler ultrasound as a predictor of fluid responsiveness in mechanically ventilated patients with coronary artery disease (CAD).
Methods
After approval of the research protocol by the institutional review board at the Yonsei University Health System, written informed consent was obtained from 45 patients undergoing elective multi-vessel coronary artery bypass graft surgery. Exclusion criteria included cardiac rhythm other than sinus, congestive heart failure, left ventricular ejection fraction (LVEF) ,45%, pre-existing cerebrovascular disease, peripheral arterial occlusive disease, or the presence of carotid artery stenosis .50% (either by angiography or by ultrasound assessment).
Anaesthetic management
All subjects received standardized anaesthetic care, as follows: upon arriving at the operating theatre, standard monitoring was applied including radial artery catheter and pulmonary artery catheter. Anaesthesia was induced with midazolam (0.05 mg kg 21 ), sufentanil (1.5 -2.0 mg kg 21 ), and rocuronium bromide (0.9 mg kg 21 ). The patients' lungs were ventilated with a tidal volume of 8 ml kg 21 of ideal body weight, I:E ratio of 1:2, and PEEP of 5 cm H 2 O in 40% oxygen with air at a respiratory rate of 8-12 bpm to maintain normocarbia. Anaesthesia was maintained with sevoflurane and continuous infusion of sufentanil to maintain the bispectral index score between 40 and 60. Vecuronium was also continuously infused to prevent abdominal guarding or spontaneous breathing efforts. The mean arterial pressure was maintained between 60 and 80 mm Hg using norepinephrine as necessary.
Study protocol
In each subject, the mean arterial pressure, heart rate, central venous pressure (CVP), pulmonary arterial occlusion pressure (PAOP), PPV, and DVpeak-CA were recorded 15 min after anaesthetic induction and 10 min after a fluid challenge of 6 ml kg 21 of 6% hydroxyethyl starch 130/0.4. PPV (average of four cycles of 8 s) was acquired from the radial artery pressure waveform, using a Philips Intellivue MP70 monitor (Philips Medical Systems, Suresnes, France). Cardiac index was obtained through the pulmonary artery catheter, which was connected to the Vigilance monitor (Edwards Lifesciences LLC, Irvine, CA, USA), and the average of three consecutive STAT mode measurements was recorded. Stroke volume index (SVI) was calculated as cardiac index/heart rate. To eliminate any personal bias, all of the above parameters were recorded by anaesthesia nurses who were not aware of this study. Carotid artery peak velocity was measured by two independent examiners who were blinded to each other's Doppler results and haemodynamic variables of the subjects, using an 8 MHz linear probe (Sequoia C512; Siemens Medical Solutions USA, Inc.) at the left common carotid artery (Fig. 1) . On the two-dimensional image, the optimal image of the long-axis view was obtained at the left common carotid artery. The sample volume was placed on the centre of the lumen, 2 cm proximal to the bulb, and a pulsed wave Doppler examination was performed. The Doppler beams were adjusted to ensure ,608 of angle for the best signal. The peak velocity was measured automatically and the maximum and minimum values during one respiratory cycle were recorded. DVpeak-CA was calculated as follows: 100×(maximum peak velocity -minimum peak velocity)/ [(maximum peak velocity+minimum peak velocity)/2], and the average value of the three consecutive measurements was recorded. The mean of the two examiners was used in the analysis.
Study endpoints
The primary endpoint was to determine the predictive value of DVpeak-CA for fluid responsiveness (≥15% increases in SVI after fluid challenge) 13 14 in mechanically ventilated patients with CAD.
Statistical analysis
Sample size calculation was performed using Power Analysis and Sample Size 2008 software (NCSS, Statistical Software, Kaysville, UT, USA). Considering the result of a previous meta-analysis, 6 we determined that 40 subjects would be required to detect differences of 0.20 between the areas under the receiver operating characteristic (AUROC) curve of CVP (0.50) and DVpeak-CA (0.75) with an 80% power and type I error of 5%, assuming 50% incidence of fluid responsiveness. The inter-observer reproducibility for DVpeak-CA measurement was determined by the Bland -Altman plot and correlation analysis using Medcalc 12.1.3 (Mariakerke, Belgium), and described as the mean bias with limit of agreement and correlation coefficient.
Statistical analysis was performed using SPSS version 20.0 (SPSS Inc., Chicago, IL, USA). Because the data were not normally distributed, non-parametric tests were applied for continuous variables. Subject characteristics and baseline indices of preload were compared in responders and non-responders with the Mann -Whitney test. The effects of intravascular volume expansion on indices of preload were assessed using the Wilcoxon rank-sum test. Categorical variables were compared by the Fisher exact test or x 2 test as appropriate.
Results are expressed as median (inter-quartile range) or number of subjects (%). The relationships between the indices of preload before volume expansion (and, per cent change with volume expansion) and per cent change of SVI after volume expansion were evaluated using the Spearman rank test. Receiver-operating characteristic curves were generated for indices of preload to assess the ability to predict fluid responsiveness. The corresponding optimal cut-off values providing the greatest sum of sensitivity and specificity were calculated for PPV and DVpeak-CA. A P-value of ,0.05 was considered to be statistically significant.
Results
Forty-five subjects were initially enrolled. Five subjects were excluded for repeated occurrence of arrhythmia (two) and carotid stenosis .50% (three), which were newly detected during the study. Inter-observer agreement was good (mean bias of 0.57% with 95% limit of agreement between 20.25 and 1.39, correlation coefficient of 0.91).
The main characteristics of the 40 included subjects are shown in Table 1 . Patient characteristic and echocardiographic data were comparable except for LVEF, which was higher in responders than in non-responders. Cardiac index and SVI before volume expansion were significantly lower in responders than in non-responders.
Tested indices of preload before and after volume expansion are shown in Table 2 . Before volume expansion, all parameters were significantly lower in responders than in non-responders, except for CVP. After volume expansion, CVP, PAOP, and PPV showed significant changes from the baseline in nonresponders and responders. Only DVpeak-CA was not changed in non-responders with volume expansion, whereas responders demonstrated a significant decrease.
Baseline PPV and DVpeak-CA correlated positively with volume expansion-induced change in SVI (Table 3) . Volume expansion-induced changes in PPV and DVpeak-CA correlated positively with volume expansion-induced change in SVI. CVP and PAOP did not correlate with volume expansion-associated changes in SVI. Table 4 shows the AUROCs of preload indices that predicted an increase in SVI ≥15%. The AUROC of PPV and DVpeak-CA were 0.75 [P¼0.008, 95% confidence interval (CI) 0.59 -0.91] 
Discussion
Our results suggest that a measure of respirophasic variation of carotid artery peak flow velocity is a simple and reliable method for determining fluid responsiveness in mechanically ventilated subjects. The predictive power of DVpeak-CA was greater than that of radial arterial PPV and also those of traditional static indices. Knowing whether a fluid challenge would augment cardiac output is of great importance as it would avoid unnecessary fluid administration and facilitate pharmacological therapy for an improvement of tissue oxygenation in a timely manner. Cardiac filling pressures are less appealing to guide fluid therapy in the surgical theatre and intensive care unit due to their lack of predictability.
1 -3 Dynamic indices have emerged based on the observation that respirophasic variations in stroke volume closely correlates with position on the FrankStarling curve in mechanically ventilated patients. 7 Among the dynamic indices, SVV and PPV derived from arterial waveform analysis are the two representative indices, and are currently being widely used as preload indices in mechanically ventilated patients. 15 16 Assessments of respirophasic changes in flow velocity (DVpeak) at the aorta using the transoesophageal echocardiography, transthoracic echocardiography, or oesophageal Doppler probe have gained interest as alternatives. 13 17 18 Despite their well-validated predictive power for fluid responsiveness, acquiring these indices requires invasive arterial catheterization, sophisticated monitoring devices, oesophageal probe placement, or echocardiographic expertise, which is not readily available in every institution. Moreover, depending on the clinical scenario or type of surgery, the application of these indices might not be feasible. Based on the premise that non-invasive and readily available measures are undoubtedly favourable, DVpeak of brachial artery has been suggested as a simple predictor of fluid responsiveness. 8 19 Measuring
DVpeak of the carotid artery might be advantageous to measuring DVpeak of the brachial artery for the several following reasons. First, the carotid artery is larger and provides easy accessibility to Doppler flow acquisition due to its superficial location. During some surgical settings, it might be the only 20 In conjunction, inconsistent results have been reported regarding the diagnostic values of SVV and PPV in cases of circulatory failure. 21 22 Thirdly, in conditions accompanied by systemic inflammatory response such as postcardiopulmonary bypass or septic shock, clinicians are often confronted with erroneously low radial arterial pressure compared with arterial pressures near the central aorta, which might mislead subsequent therapeutic interventions. 11 12 Based on these theoretical advantages, we investigated the feasibility and predictive power of Doppler-acquired respirophasic carotid flow dynamics on fluid responsiveness in mechanically ventilated patients. As our results indicate, the predictability of DVpeak-CA was superior to that of PPV with excellent interobserver agreement. Moreover, DVpeak-CA yielded a cut-off value with the highest sensitivity and specificity. In addition, DVpeak-CA was the only variable that showed no significant changes in non-responders after the fluid challenge, suggesting its strong association with preload, while PPV showed a significant decrease after fluid challenge even in non-responders. In contrast, the traditionally used invasive static indices of preload, CVP and PAOP, were not able to predict fluid responsiveness in the current study.
We observed a lower predictability of PPV in the present study compared with other studies. 6 7 This can be partly explained by altered arterial compliance by atherosclerosis, which is a major determinant of pulse pressure amplification influencing arterial pulse wave-based PPV or SVV. 23 24 This result is consistent with the finding of our previous study comparing the predictability of SVV determined by radial FloTrac sensor in CAD patients with or without pulse pressure hypertension, in which we observed an overall AUROC of 0.70. 25 Clinically, pulse pressure hypertension is considered as an extreme form of increased arterial stiffness and a well-known risk factor of adverse outcome. 26 Indeed, in a subgroup analysis of 17 subjects having pulse pressure hypertension (≥60 mm Hg) in the current study, PPV failed to predict fluid responsiveness (AUROC 0.70, P¼0.163, 95% CI 0.43-0.98), whereas the predictability of DVpeak-CA remained unchanged (AUROC 0.90, P¼0.006, 95% CI 0.75 -1.0). These findings suggest that measurement of respirophasic variations in stroke volume in patients with altered vascular compliance might be influenced by the distance from the aorta. Thus, apart from being noninvasive and practical, there might be a role for DVpeak-CA as a predictor of fluid responsiveness in certain clinical situations when (i) arterial cannulation is not readily feasible or (ii) the PPV (or SVV) obtained from the radial artery would yield inconclusive or inaccurate information. Thus, it remains to be proven through further studies. The limitations of this trial are as follows. Like other dynamic indices based on heart -lung interactions, DVpeak-CA shares their limitations of not being applicable in patients with arrhythmia, significant valvular heart diseases, or spontaneous breathing. Also, our results cannot be extrapolated to patients with heart failure or significant carotid artery stenosis, as we had excluded those patients. Decreased ventricular contractility has the potential to shift the Frank-Starling curve and alter the operative point irrespective of the volume status. In the same context, the finding that LVEF was statistically different between the responders and non-responders might also be a limitation. As we had excluded patients with LVEF ,45%, the confounding effect of LVEF should be negligible. Lastly, our interpretation that DVpeak-CA might be a better predictor of fluid responsiveness than PPV was based on the higher AUROC and retained predictability in patients with pulse pressure hypertension. Yet, defining fluid responsiveness based on a dichotomous cut-off might not be appropriate as it excludes possible responders, despite a ,15% increase. As PPV was indeed decreased even in non-responders in contrast to DVpeak-CA, PPV might be more suitable as a continuous predictor. In conclusion, a measure of respirophasic variation of peak blood velocity in the carotid artery assessed by Doppler ultrasound seems to be a highly feasible and reliable method to predict fluid responsiveness in patients with CAD. The current study also suggests that DVpeak-CA might be valuable in patients with reduced arterial compliance, when the predictive power of PPV on fluid responsiveness is reduced. Further studies are needed to test its performance in haemodynamically unstable patients with low perfusion status.
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